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Summary 

Fiber-reinforced granular composites (for instance, fiber-reinforced sand) are considered as 
construction materials for such applications as subgrades of airfields and roads, aircraft parking 
facilities, etc. An investigation into the mechanical behavior of granular/particulate media with 
fibrous inclusions was carried out. This investigation was built on the results of a previous 
study. 

Fiber-reinforced granular material was considered as a composite, and a mathematical 
homogenization scheme was used to arrive at its macroscopic properties. The issues related to 
micromechanic behavior, leading to anisotropy and hardening/softening at the macroscopic level 
of description, were at the core of this investigation. This research produced a material model 
which accurately describes the behavior of fiber-reinforced soils at failure. The research was 
terminated before its conclusion, because of the elimination of the Particulate Mechanics program 
at the AFOSR. 

Objectives 

The following were the objectives of this research: (a) progress in understanding of the elasto- 
plastic behavior of fibrous composites with a granular matrix, (b) identification of the most 
important mechanisms for fiber-matrix interaction (load transfer and distribution), 
(c) mathematical description of the elasto-plastic stress-strain behavior of the composite at the 
macroscopic level (homogenization of microstructural interactions), and a more general 
description of failure of anisotropic granular composites, and (d) collection of experimental 
evidence for validation of the mathematical description. 

Accomplishments and New Findings 

The first stage of the research concentrated mainly on the second objective (identification of the 
most important mechanisms for fiber-matrix interaction). The main results are described partly 
in papers listed in section: Publications. The research led to deriving of the analytic expressions 
for the failure criterion of isotropic fiber-reinforced granular materials, and to experimentally 
validating this criterion. The failure surface in the q, p, x^-stress space [q = (o"x- 0"y)/2, p = 
(cx+ Gy)/2] for the isotropic composite is shown in Fig. 1 (stresses are normalized by pc?0, p - 
volumetric fiber content, a0- fiber yield stress). 
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Figure   1.      Failure   surface   for   isotropic   fiber- 
reinforced sand. 

The mathematical description was extended to anisotropic soils. The process of composite 

homogenization is considerably more elaborate for an anisotropic distribution of fibers, but the 

calculations were carried out using a numerical optimization scheme, and the failure surface 

produced is shown in Fig. 2. 

Figure  2.     Failure  surface  for  anisotropic  fiber- 
reinforced sand. 

Laboratory tests indicated a distinct kinematic (anisotropic) hardening effect. This effect can be 

described only approximately with the existing model. Preliminary results of calculations 

superimposed on the laboratory test results are shown in Fig. 3. More realistic mechanisms of 



load transfer (from the matrix material to the fibers) need to be identified to obtain a better 

description, particularly in the early stages of the deformation process. Recent considerations 

revealed that a more elaborate hardening /softening law on the fiber-matrix interface needs to 

be used before the process of the composite strength mobilization can be captured. Other 

research issues identified as important are: instability of the fiber slip, scale effects caused by 

the nature of the stress-displacement law of fiber slip in addition to scale effects caused by the 

fiber aspect ratio, and influence of fiber stiffness on the behavior of the composite. 
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Figure 3. Kinematic hardening effect for fiber- 
reinforced sand. Comparison of a laboratory test 
with preliminary calculations. 

In addition, a reinforcement with continuous filament was considered. The load transfer process 

in the latter case is similar to the belt friction effect, and such composite can be very effective. 

This type of composite was to be further explored in the last funding period. The two types of 

composites (fiber-reinforced and continuous filament-reinforced) are shown schematically in 

Fig. 4. An example of a cross-section of the yield condition for continuous filament-reinforced 

sand is presented in Fig. 5. 
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Figure 4. Reinforced granular composites: 
(a) Fiber reinforcement, and (b) Continuous 
thin filament. 
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Figure 5.     Strength of filament-reinforced soil:     Cross 
section of the yield criterion. 
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Termination of the Project 

This project was terminated in September 1998 due to elimination of the Particulate Mechanics 
program at AFOSR. 


